with 5 fi gures and 2 tables with 5 fi gures and 2 tables Summary. Summary. In many semiarid regions of the Mediterranean basin, soil erosion has become a serious environIn many semiarid regions of the Mediterranean basin, soil erosion has become a serious environmental problem affecting land productivity, nutrient loss, water quality, and freshwater ecosystems. In some mental problem affecting land productivity, nutrient loss, water quality, and freshwater ecosystems. In some areas of Sicily, rates of soil loss differ according to erosion type and land degradation processes. To date, areas of Sicily, rates of soil loss differ according to erosion type and land degradation processes. To date, these differences, although evocated by several scientists and confi rmed by visual inspections over the most these differences, although evocated by several scientists and confi rmed by visual inspections over the most vulnerable areas subjected to soil erosion processes, have been poorly quantifi ed. In this paper, measurevulnerable areas subjected to soil erosion processes, have been poorly quantifi ed. In this paper, measurements of ephemeral gullies (EG) carried out at event scale since 1999, in a small basin located in Sicily (Italy), ments of ephemeral gullies (EG) carried out at event scale since 1999, in a small basin located in Sicily (Italy), have been used to quantify soil loss attributed to EG erosion. In addition, the sediment delivery distributed have been used to quantify soil loss attributed to EG erosion. In addition, the sediment delivery distributed (SEDD) model, which was calibrated and validated in similar physiographic and land use conditions, was (SEDD) model, which was calibrated and validated in similar physiographic and land use conditions, was applied to document the contribution of rill-interrill erosion over the same area. Ephemeral gully formation applied to document the contribution of rill-interrill erosion over the same area. Ephemeral gully formation occurred seven hydrologic years out of ten, with a frequency corresponding to 70 % of the years covered occurred seven hydrologic years out of ten, with a frequency corresponding to 70 % of the years covered by the survey and to a return period of almost 1.4 years. The mean soil loss in the seven years when EG by the survey and to a return period of almost 1.4 years. The mean soil loss in the seven years when EG was active was equal to 37.88 t ha was active was equal to 37.88 t ha -1 -1 year year
Introduction Introduction
Erosion due to concentrated fl ow is very severe on many unprotected farm fi elds across differErosion due to concentrated fl ow is very severe on many unprotected farm fi elds across different countries of the world. The presence of various gully types can be observed in different land ent countries of the world. The presence of various gully types can be observed in different land uses and climatic conditions ( uses and climatic conditions (POESEN POESEN et al. 2003) . The formation and development of channels et al. 2003) . The formation and development of channels routinely obliterated by tillage and other farm operations, named ephemeral gullies, constitutes routinely obliterated by tillage and other farm operations, named ephemeral gullies, constitutes a severe problem in many cultivated fi elds. In fact, crops are washed out by scour as these small a severe problem in many cultivated fi elds. In fact, crops are washed out by scour as these small gullies form, the crops at the lower end of the gully are submerged by the sediment from the gullies form, the crops at the lower end of the gully are submerged by the sediment from the ephemeral gully and fi lling operations reduce the long-term productivity of the farmland ( ephemeral gully and fi lling operations reduce the long-term productivity of the farmland (WOOD-WOOD- WARD WARD 1999 ).
An ephemeral gully (EG) can be defi ned as a channel of different sizes, mainly (but not only) An ephemeral gully (EG) can be defi ned as a channel of different sizes, mainly (but not only) located in swales, refi lled by tillage equipment normally used on farms ( located in swales, refi lled by tillage equipment normally used on farms (SOIL SCIENCE SOCIETY OF SOIL SCIENCE SOCIETY OF AMERICA AMERICA 2001 , POESEN POESEN et al. 2003 , CASALI CASALI et al. 1999 , CAPRA CAPRA & & SCICOLONE SCICOLONE 2002 , CAPRA CAPRA et al. 2009 ). Ephemeral gullies rapidly evolve in permanent gullies ( et al. 2009 ). Ephemeral gullies rapidly evolve in permanent gullies (WOODWARD WOODWARD 1999 , DELLA DELLA SETA SETA et al. 2007 ) that constitute effective links for transferring runoff and sediment from uplands to et al. 2007 ) that constitute effective links for transferring runoff and sediment from uplands to valley bottoms, contribute to denudation processes, may generate new badlands, and aggravate off valley bottoms, contribute to denudation processes, may generate new badlands, and aggravate off site effects of water erosion ( site effects of water erosion (CAPRA CAPRA et al. 1994 , TORRI TORRI et al. 2000 , POESEN POESEN A. Capra et al. A. Capra et al. et al. 2003 , DELLA DELLA SETA SETA et al. 2007 . Field-based studies evidenced annual soil losses due to EG et al. 2007) . Field-based studies evidenced annual soil losses due to EG erosion ranging between 2 and 100 m erosion ranging between 2 and 100 m 3 ha ha -1 -1 year year -1 -1 , CASALÍ CASALÍ et al. 1999 , WOOD-WOOD- WARD WARD 1999 , CAPRA CAPRA & & SCICOLONE SCICOLONE 2002 and 2009 and 2009 , ØYGARDEN ØYGARDEN 2003 , 2003 , VALCÁRCEL VALCÁRCEL et al. 2003 , CHENG CHENG et al. 2006 . Data available on the contribution of EG erosion to overall soil loss are scarce, usually et al. 2006) . Data available on the contribution of EG erosion to overall soil loss are scarce, usually restricted to small areas, examined over short time periods and obtained for different objectives restricted to small areas, examined over short time periods and obtained for different objectives and by different methods. A survey conducted by and by different methods. A survey conducted by POESEN POESEN et al. (2003) shows that soil loss rates by et al. (2003) shows that soil loss rates by different kind of gullies may vary considerably representing from 10 % to up 94 % of total sedidifferent kind of gullies may vary considerably representing from 10 % to up 94 % of total sediment yield caused by water erosion. ment yield caused by water erosion. POESEN POESEN et al. (2003) show that the contribution of EG erosion to total soil loss is also spaceet al. (2003) show that the contribution of EG erosion to total soil loss is also spaceand time-scale dependent. The data reported by the authors clearly indicate that neglecting soil and time-scale dependent. The data reported by the authors clearly indicate that neglecting soil losses caused by EG erosion when changing spatial scale would result in a signifi cant underestimalosses caused by EG erosion when changing spatial scale would result in a signifi cant underestimation of soil loss rates as observed in the fi eld in a range of environments. They also show that the tion of soil loss rates as observed in the fi eld in a range of environments. They also show that the few available data indicate that soil loss due to EG depends on time span considered. The spacefew available data indicate that soil loss due to EG depends on time span considered. The spaceand time-scale dependence can contribute to explain the high variability of the contribution of EG and time-scale dependence can contribute to explain the high variability of the contribution of EG erosion to total soil loss by water erosion. erosion to total soil loss by water erosion.
Ephemeral gully erosion, like other types of gullies, is a threshold phenomenon in terms of Ephemeral gully erosion, like other types of gullies, is a threshold phenomenon in terms of fl ow hydraulics, rainfall, topography, pedology and land use ( fl ow hydraulics, rainfall, topography, pedology and land use (POESEN POESEN et al. 2003 . Threshold rains of 14.5 -22 mm have been observed on cropland in various study areas in 2005). Threshold rains of 14.5 -22 mm have been observed on cropland in various study areas in Belgium, France, Northern Thailand, Spain and the UK ( Belgium, France, Northern Thailand, Spain and the UK (POESEN POESEN et al. 2003) . In Navarra (Spain) et al. 2003) . In Navarra (Spain) the minimum conditions able to promote EG erosion were a total depth of 17 mm and a peak rate the minimum conditions able to promote EG erosion were a total depth of 17 mm and a peak rate of 54 mm h of 54 mm h -1 -1 (CASALÍ CASALÍ et al. 1999 . CHAPLOT CHAPLOT et al. (2005) observed that the rainfall threshold for et al. (2005) observed that the rainfall threshold for linear erosion (rill and gully) in a 0.62 km linear erosion (rill and gully) in a 0.62 km 2 catchment in Laos was about 50 mm total rain with a catchment in Laos was about 50 mm total rain with a minimum rainfall intensity of 100 mm h minimum rainfall intensity of 100 mm h -1 -1 . A threshold of 51 mm of 3-days rainfall was observed . A threshold of 51 mm of 3-days rainfall was observed for EG formation analysed at year scale in the same area of this study ( for EG formation analysed at year scale in the same area of this study (CAPRA CAPRA et al. 2009 ). The et al. 2009 ). The different threshold rain values are attributed to different states of the soil surface as affected by different threshold rain values are attributed to different states of the soil surface as affected by tillage operations and previous rains ( tillage operations and previous rains (POESEN POESEN et al. 2003) . Previous soil moisture before any rainfall et al. 2003) . Previous soil moisture before any rainfall event infl uences runoff generation ( event infl uences runoff generation (DESCROIX DESCROIX et al. 2002 , CASTILLO CASTILLO et al. 2003 ) and, therefore, soil et al. 2003 and, therefore, soil erodibility ( erodibility (MORGAN MORGAN 2005 , CASALÍ CASALÍ et al. 1999 ). Slope and critical drainage area represent topographic threshold. Steep slopes favour high runSlope and critical drainage area represent topographic threshold. Steep slopes favour high runoff velocity and thus rill and gully initiation but, given climatic conditions, they can produce lower off velocity and thus rill and gully initiation but, given climatic conditions, they can produce lower runoff volumes than gentle slopes because soil crusts mainly develop on gentle slopes generating runoff volumes than gentle slopes because soil crusts mainly develop on gentle slopes generating higher runoff ( higher runoff . Soil crusting has an ambivalent effect on gully development : et al. 2005) . Soil crusting has an ambivalent effect on gully development: it can delay the initiation of gullies due to their stronger shear strength as compared to non-crusted it can delay the initiation of gullies due to their stronger shear strength as compared to non-crusted soils; yet, headcuts occur often at points where cracks have developed in surface crusts. However, soils; yet, headcuts occur often at points where cracks have developed in surface crusts. However, even for very gentle slope gradients, rills and gullies develop in the regions where crusting is a even for very gentle slope gradients, rills and gullies develop in the regions where crusting is a common problem ( common problem . Field data revealed that the contribution of gully erosion in valley bottoms to total soil loss is Field data revealed that the contribution of gully erosion in valley bottoms to total soil loss is most important in localities with dominantly heavier textured soils. Where soils were mostly silty, most important in localities with dominantly heavier textured soils. Where soils were mostly silty, coarse loamy or sandy, rill erosion on the hillslopes became more important, reducing the relative coarse loamy or sandy, rill erosion on the hillslopes became more important, reducing the relative contribution of ephemeral gully erosion in valley bottoms to overall sediment production ( contribution of ephemeral gully erosion in valley bottoms to overall sediment production (POESEN POESEN et al. 2003) . Natural gullying processes are accelerated by the intensifi cation of farming systems. et al. 2003) . Natural gullying processes are accelerated by the intensifi cation of farming systems. In mountainous regions, annual cropping has been reported as intensifying rill and gully erosion In mountainous regions, annual cropping has been reported as intensifying rill and gully erosion processes ( processes (CHAPLOT CHAPLOT et al. 2005) as well as in vineyards in Mediterranean regions ( et al. 2005) as well as in vineyards in Mediterranean regions (MARTINEZ MARTINEZ-CASASNOVAS CASASNOVAS et al. 2002) . Overgrazing is also often reported as one of the main drivers of gully et al. 2002) . Overgrazing is also often reported as one of the main drivers of gully erosion in rangelands (e.g. erosion in rangelands (e.g. GOMEZ GOMEZ et al. 2003 ). An increasing number of studies focus on gully development due to forestry activities, road An increasing number of studies focus on gully development due to forestry activities, road construction and building activities ( construction and building activities . Land use change due to global warmet al. 2005) . Land use change due to global warming associated with the extension of grazed and cropped areas should put more regions at high ing associated with the extension of grazed and cropped areas should put more regions at high risk of gully erosion in the future, with a particular threat on the semi-arid zones ( risk of gully erosion in the future, with a particular threat on the semi-arid zones . 2005).
The main objective of this work is to quantify the rill-interrill and EG erosion in a small basin The main objective of this work is to quantify the rill-interrill and EG erosion in a small basin in a semiarid region, which can be considered representative of wide cultivated zones in southern in a semiarid region, which can be considered representative of wide cultivated zones in southern Italy and other Mediterranean areas. Field measurements of EG undertaken in this basin at event Italy and other Mediterranean areas. Field measurements of EG undertaken in this basin at event scale from 1999 to 2009, which represent one of the longest series of fi eld data on this kind, served scale from 1999 to 2009, which represent one of the longest series of fi eld data on this kind, served to quantify the EG erosion; the contribution attributable to rill-interrill erosion was calculated to quantify the EG erosion; the contribution attributable to rill-interrill erosion was calculated with the application of the SEDD model which was calibrated and validated in similar physiwith the application of the SEDD model which was calibrated and validated in similar physiographic and land use conditions ( ographic and land use conditions . 2000).
Methods Methods

Site description Site description
The area surveyed ( Fig. 1 ) is a small catchment (about 8600 m The area surveyed ( The dominant soil association is Vertic Xerocrepts, which is very common in Sicily. According to The dominant soil association is Vertic Xerocrepts, which is very common in Sicily. According to the particle size analysis carried out for 10 soil samples collected within the catchment (Fig. 2a) , the particle size analysis carried out for 10 soil samples collected within the catchment (Fig. 2a) , the textural classes resulted mainly Silty Clay Loam and Silt Loam (sand 4 -15 %, silt 62 -79 %, clay the textural classes resulted mainly Silty Clay Loam and Silt Loam (sand 4 -15 %, silt 62 -79 %, clay 17-28 %); the gravel content is negligible; the bulk density ranges between 1140 and 1170 kg m 17-28 %); the gravel content is negligible; the bulk density ranges between 1140 and 1170 kg m -3 -3 ; ; the organic matter content of the soil ranges from 0.98 to 1.13 %. The soil profi le does not show the organic matter content of the soil ranges from 0.98 to 1.13 %. The soil profi le does not show delimited horizons until a depth of 1.5 m (Fig. 2b) . delimited horizons until a depth of 1.5 m (Fig. 2b) .
The climate is typically Mediterranean with a rainy temperate winter and a warm dry summer. The climate is typically Mediterranean with a rainy temperate winter and a warm dry summer. The annual rainfall during the period 1971-2007 shows a mean of about 500 mm, and a standard The annual rainfall during the period 1971-2007 shows a mean of about 500 mm, and a standard deviation of about 205 mm. More than 80 % of the rainfall is concentrated in the October-May deviation of about 205 mm. More than 80 % of the rainfall is concentrated in the October-May period. period.
The main crop in the area is durum wheat. An active EG occurs in the swale of the basin durThe main crop in the area is durum wheat. An active EG occurs in the swale of the basin during the rainy season (Fig. 1) . As it is usual in agricultural land, it is erased by fi lling with soil from ing the rainy season (Fig. 1) . As it is usual in agricultural land, it is erased by fi lling with soil from areas adjacent to the channel using ordinary tillage equipment. The EG frequently recurs in the areas adjacent to the channel using ordinary tillage equipment. The EG frequently recurs in the same place during the next rainy season. The area has been monitored at the event level for EG same place during the next rainy season. The area has been monitored at the event level for EG formation and development since 1999 
Rainfall characterization Rainfall characterization
Rainfall has been recorded with an automatic raingauge located in the upper part of the basin since Rainfall has been recorded with an automatic raingauge located in the upper part of the basin since 1998. A selection of erosive events was undertaken in order to calculate the rainfall erosivity factor 1998. A selection of erosive events was undertaken in order to calculate the rainfall erosivity factor R ( (R-factor) required by the SEDD model. In this study, an erosive event is defi ned as a rainfall -factor) required by the SEDD model. In this study, an erosive event is defi ned as a rainfall with a minimum of 13 mm of precipitation or a maximum intensity of more than 6 mm in 15 min. with a minimum of 13 mm of precipitation or a maximum intensity of more than 6 mm in 15 min. Two storm events were considered as separate events when a period of 6 h or more were observed Two storm events were considered as separate events when a period of 6 h or more were observed without any rain. For each erosive event, the product of the storm rainfall kinetic energy without any rain. For each erosive event, the product of the storm rainfall kinetic energy E and the and the maximum rainfall intensity measured over a 30-min time interval maximum rainfall intensity measured over a 30-min time interval I 30 30 has been used for the calculahas been used for the calculation of tion of R e . The . The EI EI 30 30 for each single storm event is calculated as: for each single storm event is calculated as:
( 1) (1) where where E i is the kinetic energy (MJ ha is the kinetic energy (MJ ha
) for a measurement interval ) for a measurement interval i and and n is the number of 30 min is the number of 30 min measurement intervals in a storm event. The kinetic energy measurement intervals in a storm event. The kinetic energy E i , of a single measurement interval , of a single measurement interval i, , is estimated using the formula suggested by is estimated using the formula suggested by WISCHMEIER WISCHMEIER & & SMITH SMITH (1978) as:
( 1978) as:
where where E i is the kinetic energy for each increment (MJ ha is the kinetic energy for each increment (MJ ha -1 -1 ) and ) and h i the the height of each measurement height of each measurement interval (mm). Considering the short time interval occurring between consecutive events and the interval (mm). Considering the short time interval occurring between consecutive events and the diffi culty in organising fi eld campaigns after each single storm event, some of the fi eld measurediffi culty in organising fi eld campaigns after each single storm event, some of the fi eld measurements described in the paragraph 2.4 are related to more than one event and consequently the ments described in the paragraph 2.4 are related to more than one event and consequently the corresponding corresponding R values are cumulated. The return period values are cumulated. The return period T of the R-factor values was estimated of the R-factor values was estimated by the empirical frequency values. by the empirical frequency values. (1995) have developed a spatially distributed approach for estimating the sediment yield of catchments ranging in size from several km sediment yield of catchments ranging in size from several km 2 to several hundred km to several hundred km 2 . In order . In order to account for the spatial heterogeneity of soil erosion and sediment transport, the catchment is to account for the spatial heterogeneity of soil erosion and sediment transport, the catchment is subdivided into morphological units, i.e. areas of clearly defi ned aspect, length and steepness, for subdivided into morphological units, i.e. areas of clearly defi ned aspect, length and steepness, for each of which the sediment delivery ratio each of which the sediment delivery ratio SDR SDR i is assumed to be a function of travel time is assumed to be a function of travel time t t p,i p,i i.e.: i.e.:
(4) (4) where , ) of each morphological unit ) of each morphological unit i located along the hydraulic path located along the hydraulic path j. Ferro et al. (1998) demonstrated that this approach can be con-. Ferro et al. (1998) demonstrated that this approach can be considered scale independent and proved to be very effective even for very small catchments (1-2 ha sidered scale independent and proved to be very effective even for very small catchments (1-2 ha in size). in size).
Based on these assumptions, the sediment output Based on these assumptions, the sediment output Y i (t), from each morphological unit (t), from each morphological unit i i into into which the catchment is divided, is simply calculated by the following equation: which the catchment is divided, is simply calculated by the following equation:
in which in which A i i is the soil loss (t ha is the soil loss (t ha
) from the ) from the ith morphological unit, which has to be estimated by the th morphological unit, which has to be estimated by the selected erosion model; and selected erosion model; and SU SU i i is the area (ha) of the morphological unit. Soil loss is the area (ha) of the morphological unit. Soil loss A i i is estimated is estimated by the following variant of the USLE ( by the following variant of the USLE (WISCHMEIER WISCHMEIER & & SMITH SMITH 1978 ): 1978 :
where where R t,i t,i is the rainfall erosivity factor, as explained above, for a given temporal scale is the rainfall erosivity factor, as explained above, for a given temporal scale t t (event, (event, annual, and mean annual) (MJ mm ha annual, and mean annual) (MJ mm ha -1 -1 h h -1 -1 yr yr -1 -1 ); ); K i is the soil erodibility factor estimated by the is the soil erodibility factor estimated by the procedure proposed by procedure proposed by WISCHMEIER WISCHMEIER et al. (1971) ); ); C i is the cover and manis the cover and management factor; agement factor; P i is the support practice factor; and is the support practice factor; and L i S i is the topographic factor. The latter can be is the topographic factor. The latter can be calculated using the formulae proposed by calculated using the formulae proposed by MCCOOL MCCOOL et al. (1989) , ( et al. (1989) , (RENARD RENARD et al. 1994 ):
if tan a if tan a i < < 0.09 (7 a) 0.09 (7 a) if tan a if tan a i ≥ ≥ 0.09 (7 b) 0.09 (7 b) where where l i is the slope length of the i-th morphological unit. The slope length exponent is the slope length of the i-th morphological unit. The slope length exponent m i is given by is given by the following equation ( the following equation (MCCOOL MCCOOL et al. 1989 ): et al. 1989 ): where where f i represents the ratio of rill to interrill erosion and can be expressed as follows: represents the ratio of rill to interrill erosion and can be expressed as follows: (9) (9) For the whole catchment the sediment yield value For the whole catchment the sediment yield value Y b (t) is equal to the sum of the sediment (t) is equal to the sum of the sediment yields yields Y i of all morphological units into which the basin is divided i.e.: of all morphological units into which the basin is divided i.e.:
(10)
where where Nu Nu is the number of morphological units into which the catchment is divided. The model is the number of morphological units into which the catchment is divided. The model would require values for the parameter would require values for the parameter β. These can be determined by a recursive approach using . These can be determined by a recursive approach using Eq. (10) coupled with independent sediment yield measurements ( Eq. (10) The performance of the SEDD model was tested both at the scale of single morphological The performance of the SEDD model was tested both at the scale of single morphological units and within catchments of different size. The ability of SEDD to predict the rate of soil loss units and within catchments of different size. The ability of SEDD to predict the rate of soil loss from small areas was already demonstrated in Sicily. In fact, for climatic contexts very similar to from small areas was already demonstrated in Sicily. In fact, for climatic contexts very similar to those of the study area reported here, Di those of the study area reported here, Di STEFANO STEFANO et al. (1999 documented very good agreeet al. (1999, 2000) documented very good agreements between measured and predicted values of soil loss using this model. Further validations ments between measured and predicted values of soil loss using this model. Further validations were carried out in the same area using net erosion values deduced by were carried out in the same area using net erosion values deduced by In this paper, we used an alternative approach suggested by In this paper, we used an alternative approach suggested by DI STEFANO DI STEFANO & & FERRO FERRO (2002 ) which (2002 which allows the calculation of SDR values using the soil particle size. Following this approach, the SDR allows the calculation of SDR values using the soil particle size. Following this approach, the SDR i value of each morphological unit or cell into which the catchment is divided, can be derived from value of each morphological unit or cell into which the catchment is divided, can be derived from the sand fraction of the matrix soil (OSA). In formula: the sand fraction of the matrix soil (OSA). In formula:
(11) (11) The eq. (11) requires simply the sand content of the matrix soil which was calculated using 10 The eq. (11) requires simply the sand content of the matrix soil which was calculated using 10 soil samples collected within the catchment. The application of the SEDD model was performed soil samples collected within the catchment. The application of the SEDD model was performed using a digital elevation model of the study catchment created by the AUTOCAD software packusing a digital elevation model of the study catchment created by the AUTOCAD software package in combination with a modelling tool of the WINSURFER package. The study area was age in combination with a modelling tool of the WINSURFER package. The study area was subdivided into 2 m subdivided into 2 m × × 2 m grid cells, using a kriging interpolation method. Following Eqs. (5) and 2 m grid cells, using a kriging interpolation method. Following Eqs. (5) and (6), the SEDD model also required values for the USLE input parameters that were determined (6), the SEDD model also required values for the USLE input parameters that were determined as follows. as follows.
The rainfall erosivity factor The rainfall erosivity factor R was calculated as explained in paragraph 2.2. The soil erodibilwas calculated as explained in paragraph 2.2. The soil erodibility factor ity factor Ki Ki was estimated using the properties of 10 soil samples collected within the catchment.
was estimated using the properties of 10 soil samples collected within the catchment. The cropping and management factor The cropping and management factor Ci Ci was calculated from a land use map based on fi eld data was calculated from a land use map based on fi eld data . The support practice factor P P i was was set equal to one because no erosion control practice was adopted. The topographic factor set equal to one because no erosion control practice was adopted. The topographic factor L i S i was was calculated using Eqs. (7 a,b) , (8), and (9), with a subroutine provided by the LIBERTYBASIC calculated using Eqs. (7 a,b) , (8), and (9), with a subroutine provided by the LIBERTYBASIC software. With the exception of the rainfall erosivity factor, software. With the exception of the rainfall erosivity factor, R, each parameter was calculated for , each parameter was calculated for each single cell. Due to the very low spatial variability of this parameter, only a single value of each single cell. Due to the very low spatial variability of this parameter, only a single value of R, R, for each event, was used in running the model. for each event, was used in running the model.
Field measurements of ephemeral gully erosion Field measurements of ephemeral gully erosion
The ephemeral gully measurements were made after each erosive event mainly. When the time The ephemeral gully measurements were made after each erosive event mainly. When the time interval between two erosive events was too short to organise properly a fi eld campaign, a single interval between two erosive events was too short to organise properly a fi eld campaign, a single measurement accounted for more events. Consequently, the other parameters involved in the calmeasurement accounted for more events. Consequently, the other parameters involved in the calculations such as rainfall, R-factor, and C-factor were referred to the same group of events. Both culations such as rainfall, R-factor, and C-factor were referred to the same group of events. Both the main branch of the EG and its tributaries (if present) were measured during each campaign. the main branch of the EG and its tributaries (if present) were measured during each campaign. A Post Processing Differential GPS with a planimetric accuracy of A Post Processing Differential GPS with a planimetric accuracy of ± ±12 cm ( 12 cm (CAPRA CAPRA & & SCICOLONE SCICOLONE 2002) was used to measure the spatial co-ordinates of points located about every 5 metres of chan-2002) was used to measure the spatial co-ordinates of points located about every 5 metres of channel in the longitudinal direction. Cross sections were measured about every 5 m of channel, or nel in the longitudinal direction. Cross sections were measured about every 5 m of channel, or whenever any change in the EG section, or the presence of tributaries, was observed. As it was whenever any change in the EG section, or the presence of tributaries, was observed. As it was possible to assimilate the cross section of the EG observed in the study area to a trapezium (or a possible to assimilate the cross section of the EG observed in the study area to a trapezium (or a rectangle), the channel widths (upper and lower) and depths were measured with a steel tape gradurectangle), the channel widths (upper and lower) and depths were measured with a steel tape graduated every 5 mm. All the measures were made by the same expert operator. ated every 5 mm. All the measures were made by the same expert operator.
The length of the EG was computed by the measured point co-ordinates; the eroded volumes The length of the EG was computed by the measured point co-ordinates; the eroded volumes were derived using the end area method (average of two successive cross sections times the diswere derived using the end area method (average of two successive cross sections times the distance between them): tance between them): (12) where where V is the volume of eroded soil of the EG (m is the volume of eroded soil of the EG (m 3 ); ); n is the number of segments; is the number of segments; V i is the volume is the volume of eroded soil within the segment (m of eroded soil within the segment (m 3 ); ); A i-1 -1 is the downstream cross sectional area of the segment is the downstream cross sectional area of the segment (m (m 2 ); ); A i is the upstream cross sectional area of the segment (m is the upstream cross sectional area of the segment (m 2 ); ); L i is the distance between adjais the distance between adjacent cross sections (m). cent cross sections (m).
Results and discussion
Results and discussion Table 1 shows the high variability of the rainfall characteristics for the 13 erosive events observed, Table 1 shows the high variability of the rainfall characteristics for the 13 erosive events observed, particularly as regards to the particularly as regards to the R-factor, whose standard deviation is very high (920 MJ mm -factor, whose standard deviation is very high (920 MJ mm -1 -1 ha ha
). In the observation period, the total height ( ). In the observation period, the total height (H) of the different erosive events ranged from a ) of the different erosive events ranged from a minimum of 17.66 mm to a maximum of 193.41 mm, with a mean value of 66.57 mm. The maximinimum of 17.66 mm to a maximum of 193.41 mm, with a mean value of 66.57 mm. The maximum 0.5-h intensity ( mum 0.5-h intensity (I max ) varied from 8.6 mm h ) varied from 8.6 mm h -1 -1 to 60.4 mm h to 60.4 mm h , with the only exception of the event of , with the only exception of the event of 3/09/09. The data confi rm that the EG formation, like other types of gullies, is a threshold phe-3/09/09. The data confi rm that the EG formation, like other types of gullies, is a threshold phenomenon also in terms of rainfall energy, as remarked by several authors ( nomenon also in terms of rainfall energy, as remarked by several authors (POESEN POESEN et al. 2003 ) and discussed and verifi ed at annual scale in the same environment ( et al. 2005 ) and discussed and verifi ed at annual scale in the same environment (CAPRA CAPRA showed a return period lower than showed a return period lower than 2 years while 2 years while R-factor values higher than 3000 MJ mm -factor values higher than 3000 MJ mm -1 -1 ha ha -1 -1 h -1 -1 resulted infrequent in the area resulted infrequent in the area investigated (Table 1) . investigated (Table 1) .
Although a mean of seven erosive rain events (according to the defi nition in paragraph 2.2) Although a mean of seven erosive rain events (according to the defi nition in paragraph 2.2) were recorded in a hydrologic year (from October to May), EG formation and development generwere recorded in a hydrologic year (from October to May), EG formation and development generally (fi ve hydrologic years out of seven) occurred during a single erosive event, as in other semiarid ally (fi ve hydrologic years out of seven) occurred during a single erosive event, as in other semiarid environments ( environments (CASALI CASALI et al. 1999) . The most critical period for EG formation was that comprised et al. 1999). The most critical period for EG formation was that comprised between October and January, when the elevated soil water content facilitates runoff development between October and January, when the elevated soil water content facilitates runoff development and the almost bare soil surface with emergent wheat plants erodes most intensely. and the almost bare soil surface with emergent wheat plants erodes most intensely.
Like the rainfall events, the data in Table 1 confi rm the great temporal variability in the occurLike the rainfall events, the data in Table 1 confi rm the great temporal variability in the occurrence of EG erosion as observed in other environments ( rence of EG erosion as observed in other environments (POESEN POESEN et al. 2003 , CHAPLOT CHAPLOT et al. 2005 . The EG erosion was minimum during the events of 29/8 and 3/9/1999 et al. 2005) . The EG erosion was minimum during the events of 29/8 and 3/9/1999 when about 0.03 t ha when about 0.03 t ha -1 -1 of soil loss was observed (Table 1 ). The maximum soil loss, equal to ca. of soil loss was observed (Table 1 ). The maximum soil loss, equal to ca. 83 83 t ha t ha
, occurred during the last observed event (Table 1) . , occurred during the last observed event (Table 1) . Ephemeral gully formation occurred Ephemeral gully formation occurred seven hydrologic years out of ten, with a frequency corresponding to 70 % of the years covered by seven hydrologic years out of ten, with a frequency corresponding to 70 % of the years covered by the survey and to a return period of almost 1.4 years. the survey and to a return period of almost 1.4 years.
The EG observed can be classifi ed as classical EG, e.g. formed by concentrated runoff fl owThe EG observed can be classifi ed as classical EG, e.g. formed by concentrated runoff fl owing within the same fi eld where runoff started ( ing within the same fi eld where runoff started (CASALÍ CASALÍ et al. 1999) . The EG had rectangular or et al. 1999). The EG had rectangular or trapezoidal cross-sections generally increasing in a downstream direction. In the different events, trapezoidal cross-sections generally increasing in a downstream direction. In the different events, both a simple EG (comprising a main branch alone) and a ramifi ed EG (comprising a main branch both a simple EG (comprising a main branch alone) and a ramifi ed EG (comprising a main branch and one or more tributaries) have been observed. The tributaries were generally shorter, narrow and one or more tributaries) have been observed. The tributaries were generally shorter, narrow and less deep than the main channel. The formation of the tributaries was observed mainly during and less deep than the main channel. The formation of the tributaries was observed mainly during the events when the precipitation was heavier and higher erosive and represents the last phase of the events when the precipitation was heavier and higher erosive and represents the last phase of the EG formation and development. The tributaries generally appeared when the length of the the EG formation and development. The tributaries generally appeared when the length of the main EG reached the maximum allowed by the drainage area and length of the catchment ( main EG reached the maximum allowed by the drainage area and length of the catchment (CAPRA CAPRA & & SCICOLONE SCICOLONE 2001 , CAPRA CAPRA et al. 2010 . Table 2 shows the main characteristics of the observed EG. Table 2 shows the main characteristics of the observed EG. The mean width of the upper and
The mean width of the upper and lower sections of the EG ranged between 0.16 and 1.21 m and between 0.06 and 0.57 m, respeclower sections of the EG ranged between 0.16 and 1.21 m and between 0.06 and 0.57 m, respectively. The mean depth was between 0.06 and 0.55 m. The mean area of the cross sections, ranging tively. The mean depth was between 0.06 and 0.55 m. The mean area of the cross sections, ranging between 0.01 and 0.44 m between 0.01 and 0.44 m 2 , was generally higher than that of the EGs observed by , was generally higher than that of the EGs observed by CASALÍ CASALÍ et al. et al. (1999) in Navarra, which cross sections ranged between 0.04 and 0.09 m (1999) in Navarra, which cross sections ranged between 0.04 and 0.09 m 2 , with a cross-section area , with a cross-section area of the largest gullies quasi equal to 0.16 m of the largest gullies quasi equal to 0.16 m 2 . Opposite, there were smaller than those measured in . Opposite, there were smaller than those measured in the Inner-Mongolian Plateau, which mean depth ranged from 0.50 to 0.76 m, and the width was the Inner-Mongolian Plateau, which mean depth ranged from 0.50 to 0.76 m, and the width was 0. (1999) , establishing that the greatest sections occurred in the central part of classical ephemeral gullies and gradually decreased toest sections occurred in the central part of classical ephemeral gullies and gradually decreased toward the upstream and down-stream ends, does not apply to observed EGs. In fact cross sections ward the upstream and down-stream ends, does not apply to observed EGs. In fact cross sections of Sicilian EG generally increased in a downstream direction. of Sicilian EG generally increased in a downstream direction.
Cumulating the soil loss values for each hydrologic year to obtain the erosion due to the fi nal Cumulating the soil loss values for each hydrologic year to obtain the erosion due to the fi nal conformation of the EG, the mean soil loss in the seven years when EG was active was equal to conformation of the EG, the mean soil loss in the seven years when EG was active was equal to 37.88 t ha 37.88 t ha -1 -1 year year -1 -1
. Averaging the results over the nine years, including the years with zero EG ero-. Averaging the results over the nine years, including the years with zero EG erosion, the soil loss in the examined area resulted ca. 26.52 t ha sion, the soil loss in the examined area resulted ca. 26.52 t ha -1 -1 year year
. This value of erosion rate . This value of erosion rate can be considered very high if compared with those observed in other catchments in Mediterracan be considered very high if compared with those observed in other catchments in Mediterranean environment ( nean environment (POESEN POESEN et al. 2003) . Also, even if the short number of data precludes a proper et al. 2003). Also, even if the short number of data precludes a proper statistical analysis, the values of EG erosion listed in Table 1 and depicted in Fig. 4 (see black bars) statistical analysis, the values of EG erosion listed in Table 1 and depicted in Fig. 4 (see black bars) show a trend to increase in the observed period. Because the maximum EG length is limited by show a trend to increase in the observed period. Because the maximum EG length is limited by the catchment length itself, the increasing soil loss was mainly due to an EG wider and deeper in the catchment length itself, the increasing soil loss was mainly due to an EG wider and deeper in Fig. 3 . Annual trends for ephemeral gully erosion (EG) and rill-interrill erosion provided by SEDD. Fig. 3 . Annual trends for ephemeral gully erosion (EG) and rill-interrill erosion provided by SEDD. et al. 1999) , the swale where EG is located, constituting a waterway renewed each year by the farmer with tillage operations, is highly eroded. constituting a waterway renewed each year by the farmer with tillage operations, is highly eroded.
The interrill-rill erosion, estimated by SEDD at event scale, ranged from a minimum of 0.06 t The interrill-rill erosion, estimated by SEDD at event scale, ranged from a minimum of 0.06 t ha ha -1 -1 to a maximum of 65.82 t ha to a maximum of 65.82 t ha -1 -1 (Table 1) , with a mean value of 18.31 t ha (Table 1) , with a mean value of 18.31 t ha -1 -1 year year -1 -1
. The mean an-. The mean annual value of the interrill-rill erosion, which of course is limited to the considered events and more nual value of the interrill-rill erosion, which of course is limited to the considered events and more importantly does not include soil loss occurred during the three years with zero EG erosion, seems importantly does not include soil loss occurred during the three years with zero EG erosion, seems to be more conservative. This estimated value of interrill-rill erosion can be considered representato be more conservative. This estimated value of interrill-rill erosion can be considered representative of this area as it is in the range of soil loss rates found by other studies in similar contexts. For tive of this area as it is in the range of soil loss rates found by other studies in similar contexts. For example, example, BAGARELLO BAGARELLO et al. (2010) , working on experimental plots ranging in length from 11 m to et al. (2010), working on experimental plots ranging in length from 11 m to 44 m, documented values of mean soil loss from ca. 22 to 57 t ha 44 m, documented values of mean soil loss from ca. 22 to 57 t ha -1 -1 year year -1 -1 . The two erosion kinds examined here are both good correlated to The two erosion kinds examined here are both good correlated to R-factor (Fig. 5) . The -factor (Fig. 5) . The regression coeffi cients in Fig. 5 shows both a high signifi cance (P regression coeffi cients in Fig. 5 shows both a high signifi cance (P < < 0.001), but it must be consid-0.001), but it must be considered that the correlation between rill-interrill erosion and ered that the correlation between rill-interrill erosion and R-factor is in somehow obvious due -factor is in somehow obvious due to the fact that to the fact that R-factor enters in the SEDD model calculations. The different form of the two -factor enters in the SEDD model calculations. The different form of the two equations in Fig. 5 together with the contrasting trends depicted in Fig. 4 , demonstrate that the equations in Fig. 5 together with the contrasting trends depicted in Fig. 4 , demonstrate that the controlling factors of the two erosion processes are different. Previous research described in the controlling factors of the two erosion processes are different. Previous research described in the Introduction section demonstrated, in fact, that EG erosion is a threshold phenomenon not only Introduction section demonstrated, in fact, that EG erosion is a threshold phenomenon not only in terms of precipitation, but also depends on soil type and conditions, land use, topography and in terms of precipitation, but also depends on soil type and conditions, land use, topography and fl ow hydraulics. For the same catchment and in the examined environment EG erosion is mainly fl ow hydraulics. For the same catchment and in the examined environment EG erosion is mainly controlled by the magnitude and frequency of rain events and by the soil moisture content ( controlled by the magnitude and frequency of rain events and by the soil moisture content (CAPRA CAPRA et al. 2009 ). et al. 2009 ). Combining the SEDD estimates and the EG measurements listed in Table 1 , the resulting toCombining the SEDD estimates and the EG measurements listed in Table 1 , the resulting total soil loss (EG tal soil loss (EG + + SEDD) for each single event ranged between 0.10 and 113.03 t ha SEDD) for each single event ranged between 0.10 and 113.03 t ha -1 -1 with a mean with a mean value of 38.94 t ha value of 38.94 t ha -1 -1 year year
. This analysis is really important because it allowed to establish that the . This analysis is really important because it allowed to establish that the ratio between soil loss attributable to EG and total soil loss (SEDD ratio between soil loss attributable to EG and total soil loss (SEDD + + EG) resulted quite variable EG) resulted quite variable between erosion events accounting for 23 % to 98 % of total soil lost. between erosion events accounting for 23 % to 98 % of total soil lost. VANDAELE VANDAELE (1993) found that (1993) found that the mean, annual EG erosion equals 70 -75 % of the mean annual rill erosion and is associated the mean, annual EG erosion equals 70 -75 % of the mean annual rill erosion and is associated with extreme runoff events. with extreme runoff events. AUZET AUZET et al. (1993) found that EG erosion during winter accounts for et al. (1993) found that EG erosion during winter accounts for ca. 80 % of soil loss due to rill erosion. According to ca. 80 % of soil loss due to rill erosion. According to VANDAELE VANDAELE et al. (1996) the soil loss due to et al. (1996) the soil loss due to EG erosion in South Portugal (Alentejo region) is 4 to 5 times higher than the average annual rill-EG erosion in South Portugal (Alentejo region) is 4 to 5 times higher than the average annual rillinterrill erosion rate, whereas for central Belgium the ratio varies between 0.4 and 2.3. In a Spanish interrill erosion rate, whereas for central Belgium the ratio varies between 0.4 and 2.3. In a Spanish study area ( study area rill and EG erosion rates were of equal importance (i.e. 1-2 m et al. 1996) rill and EG erosion rates were of equal importance (i.e. 1-2 m 3 ha ha , representing 85 % of total soil , representing 85 % of total soil loss). In actively eroding areas in Navarra (Spain) EG typically contribute about 30 % to the total loss). In actively eroding areas in Navarra (Spain) EG typically contribute about 30 % to the total soil loss, but can reach as high as 100 % ( soil loss, but can reach as high as 100 % (CASALI CASALI et al. 1999) . In a comparison of estimated USLE et al. 1999) . In a comparison of estimated USLE values and measured EG erosion values for the same fi eld in 19 U.S. states, the EG erosion rates values and measured EG erosion values for the same fi eld in 19 U.S. states, the EG erosion rates vary from 21 % (in New York) to 275 % (in Washington) of the estimated interrill-rill erosion on vary from 21 % (in New York) to 275 % (in Washington) of the estimated interrill-rill erosion on et al. 2002) . In Normandy (France), two extreme rainfall events promo ted considerable erosion damage; the relative importance of EG erosion varied from 21 % promo ted considerable erosion damage; the relative importance of EG erosion varied from 21 % to 56 % out of total erosion, and from 24 % to up 83 % out of total linear erosion ( to 56 % out of total erosion, and from 24 % to up 83 % out of total linear erosion (CERDAN CERDAN et al. et al. 2002) . In a representative sample of cultivated land in A Coruņa province (northwest Spain), EG 2002). In a representative sample of cultivated land in A Coruņa province (northwest Spain), EG erosion contributes to concentrated fl ow sediment production between 6 % and 76 %, with a mean erosion contributes to concentrated fl ow sediment production between 6 % and 76 %, with a mean of 26.4 % (i.e. The inter-storm variability of the EG erosion was also found by other authors in contrasting The inter-storm variability of the EG erosion was also found by other authors in contrasting environments. environments. POESEN POESEN et al. (1996) , for example, showed that the ratio between soil loss by gullyet al. (1996) , for example, showed that the ratio between soil loss by gullying and total soil loss from three small catchments in central Belgium decreased with an increasing and total soil loss from three small catchments in central Belgium decreased with an increasing return period of the rainstorm. The authors justifi ed these fi ndings, also plotted in Fig. 5 for ing return period of the rainstorm. The authors justifi ed these fi ndings, also plotted in Fig. 5 for comparison, assuming that this can be attributed to a corresponding increase in rill erosion rates comparison, assuming that this can be attributed to a corresponding increase in rill erosion rates on the hillslopes within the catchments. on the hillslopes within the catchments.
A further contribution that supports the strength of this relationship can be deduced by the A further contribution that supports the strength of this relationship can be deduced by the work of work of BEUSELINCK BEUSELINCK et al. (2000) which explored the erosion and deposition patterns within two et al. (2000) which explored the erosion and deposition patterns within two agricultural catchments in Belgium. Although the aim of that work was in somehow different, the agricultural catchments in Belgium. Although the aim of that work was in somehow different, the data collected in those catchments and introduced in Fig. 5 extends the range of signifi cance of data collected in those catchments and introduced in Fig. 5 extends the range of signifi cance of this relationship confi rming the trend even for higher values of the return period. Similar results, this relationship confi rming the trend even for higher values of the return period. Similar results, were found by were found by VANDAELE VANDAELE & & POESEN POESEN (1995) , looking at soil erosion processes in an agricultural (1995) , looking at soil erosion processes in an agricultural catchment in Central Belgium. Their analysis showed that the relative importance of EG erosion catchment in Central Belgium. Their analysis showed that the relative importance of EG erosion was strongly infl uenced by the season: in particular, the higher frequency of high-intensity rainfall was strongly infl uenced by the season: in particular, the higher frequency of high-intensity rainfall events occurred in late spring and early summer associated with a very dry soil surface during the events occurred in late spring and early summer associated with a very dry soil surface during the study period caused about 60 -70 % of total soil loss due to rill and EG erosion. This ratio was study period caused about 60 -70 % of total soil loss due to rill and EG erosion. This ratio was lower during the other periods of the year. The data collected in the Raddusa catchment shows a lower during the other periods of the year. The data collected in the Raddusa catchment shows a similar dependence on the return period as the experimental pairs plot in the same range as that similar dependence on the return period as the experimental pairs plot in the same range as that provided by provided by POESEN POESEN et al. (1996 .
Conclusions Conclusions
The analysis presented in this paper provides a useful means to establish the role played by EG as The analysis presented in this paper provides a useful means to establish the role played by EG as a source of sediments in small cultivated catchments. In this context, the use of a small Sicilian a source of sediments in small cultivated catchments. In this context, the use of a small Sicilian catchment for which measurements of EG are available for a 10-year period, confi rmed that meascatchment for which measurements of EG are available for a 10-year period, confi rmed that measurement of soil erosion is an important requirement for representing land degradation processes urement of soil erosion is an important requirement for representing land degradation processes in semiarid regions. However, the most important results of this study concern the possibility to in semiarid regions. However, the most important results of this study concern the possibility to discriminate the relative importance of different forms of soil erosion using a joint approach that discriminate the relative importance of different forms of soil erosion using a joint approach that combines a theoretical model able to provide information on surface erosion rates (rill-interrill), combines a theoretical model able to provide information on surface erosion rates (rill-interrill), and fi eld measurements that give the amount of EG contribution. The results confi rmed what and fi eld measurements that give the amount of EG contribution. The results confi rmed what was found in recent studies about the importance given to the EG erosion in terms of source of was found in recent studies about the importance given to the EG erosion in terms of source of sediments. In fact, the contribution of this form of land degradation appears even to increase in sediments. In fact, the contribution of this form of land degradation appears even to increase in the next future. On the other hands, surface erosion rates predicted by the SEDD model show an the next future. On the other hands, surface erosion rates predicted by the SEDD model show an opposite trend. These two different behaviours showed to be very much dependent on the return opposite trend. These two different behaviours showed to be very much dependent on the return time of the rain events as was already suggested by other authors. time of the rain events as was already suggested by other authors. Further work is of course required to quantify more precisely the uncertainties associated with Further work is of course required to quantify more precisely the uncertainties associated with the estimates of soil loss provided by the SEDD model and to improve the existing data set with the estimates of soil loss provided by the SEDD model and to improve the existing data set with further measurements of EG and surface erosion. further measurements of EG and surface erosion.
